Cl is one of the main pollutants emitted from domestic waste incineration systems. In this study, we focused on the process of Ca dechlorination in the furnace of a circulating fluidized-bed waste incineration system. We analyzed the stability of CaCl 2 and Ca in the furnace, the dechlorination process, and distribution of Cl in the incineration system. The results show that the optimal Ca/Cl molar ratio for Ca dechlorination in the circulating fluidized-bed waste incinerator is 2:1; moreover, the dechlorination product CaCl 2 was found to decompose at high temperatures (> 850 °C). At temperatures > 700 °C, we measured CaCl 2 decomposition rates up to 80%. Ca was added in the furnace, mainly to provide a dechlorination Ca source for the decomposition of limestone into tail flue gas. The amount of Ca 2+ in the flue decreased gradually, parallelly to the temperature of the flue gas. Stable CaCl 2 was formed after HCl was captured, and relatively small solid particles appeared in the ash collecting bag.
Background
Urban development has led to increasing garbage siege all over the world. According to the National Bureau of Statistics, the amount of urban garbage in China is increasing at a rate of 6% [1] per year. Many urban landfills will not be available soon. The waste incineration technology is fast, efficient, clean, and provides a high reduction ratio; hence, it is being greatly promoted in China [2, 3] . The fluidizedbed incinerator is a technology developed independently by China, capable of performing the fluidization of bed materials and garbage, and, subsequently, cleaning and incineration at high temperatures [4] . This technology is advantageous for its wide fuel adaptability and suitability for burning low calorific value fuel in China, such as garbage containing a lot of water. [5] .
Domestic garbage has a complex composition. The use of a circulating fluidized-bed incineration results in the production of conventional combustion pollutants (e.g., nitrogen oxides and sulfur dioxide). The garbage obtained through mixed collection tends to contain considerable amounts of plastic with organic Cl components, while kitchen waste contains more inorganic Cl components (e.g., salt), which produce HCl after experiencing high-temperature incineration. On one hand, the presence of HCl results in high-and low-temperature corrosion of the incineration equipment [6, 7] ; also, a high concentration of Cl − promotes the formation of the highly toxic dioxin (PCDD/Fs) [8, 9] . On the other hand, atmospheric emissions of HCl result in environmental pollution.
HCl can be effectively removed by neutralizing it with Ca-based alkaline substances (e.g., limestone, quicklime, or slaked lime) in general domestic waste incinerators: these incinerators usually spray CaO powder or slaked lime slurry into the exhaust gas purification system. However, the addition of alkaline substances to the exhaust gas system cannot avoid the high-temperature HCl corrosion of the incineration equipment, nor effectively inhibit the low-temperature resynthesis of dioxins from Cl sources.
Li et al. [10] studied the HCl emission characteristics of typical waste components after incineration, and found that CaO has a removal efficiency (up to 73%) for HCl. In their fixed-bed experiment, Guo et al. [11] noted that the efficiency with which Cl was fixed in limestone began to decrease after the temperature exceeded 600 °C. Notably, this experiment was conducted in the presence of air (O 2 content = 21%): quite different from the internal gas atmosphere of the actual waste incinerator. Cai et al. [12] found that it was possible for circulating fluidized-bed boilers to reach over 99% desulfurization efficiency with limestone injected into furnace. Therefore, we expect the dechlorination efficiency of limestone to the circulating-fluidized bed waste incinerator.
With the aim of reducing the corrosion hazard and the emission of pollutants (e.g., HCl and dioxins) and considering the cost issue, we tested the addition of cheap and accessible limestone into a circulating fluidized-bed furnace, used to produce CaO from limestone. The flue gas dechlorination of the waste incineration system provided an alkaline Ca base. The whole residence time of the flue gas in the waste heat boiler and in the exhaust gas purification system was exploited, obtaining a better dechlorination effect and reducing its cost. In particular, we focused on the migration reaction mechanism of Ca and Cl in the limestone and of CaO in the tail. And we tested the stability of CaCl 2 under different temperature conditions in a 10% O 2 atmosphere, commonly used in waste incineration. Finally, we were able to formally define the reaction law between Ca and Cl.
Experiment materials and methods

Determination of Cl and S in waste incineration samples
Cl was determined in the waste component by the hightemperature combustion hydrolysis-ion chromatography, referring to the "Determination of chlorine in coal" (GB/T 3558-2014) and to Li et al. [13] . The test sample was first placed in a quartz tube, heated at high temperature in a tube furnace, and then subjected to high-temperature hydrolysis in an oxygen atmosphere carrying water vapor. The Cl-element was obtained and then fixed in a gas absorption bottle; the concentration of the absorption liquid was measured by ion chromatography, while the Cl content of the sample was calculated. The experimental device employed for the high-temperature combustion hydrolysis is shown in Fig. 1 .
The samples included municipal solid garbage, furnace coal, material in the circulating fluidized-bed waste incinerator, and slag and fly ash particles. To prevent the deviation of the garbage sample due to deflagration, a layer of quartz sand was placed on it during the test. Each 0.5 g test sample was put into a porcelain boat, which was then positioned into a quartz tube; a rubber stopper was plugged to the tube, before letting the O 2 with water vapor flow in the inside. The O 2 flow rate was maintained at 500 ml/ min, and the rate of water vapor evaporation was ~ 2 ml/ min. The front end of the porcelain boat was pushed to the temperature zone of 300 °C, it was propelled in four sections (300 °C, 500 °C, 700 °C, 900 °C for 5 min) over total of 20 min, and finally heated at 1100 °C for 30 min. To avoid the condensation of the quartz tube inlet and outlet, and the dissolution of the HCl gas generated by combustion, measures were taken by winding an electric heating belt around the inlet and outlet, and maintaining the heating temperature of the inlet and outlet at 150 °C. After the combustion was completed, we stopped the flow of O 2 and water vapor, and extracted the porcelain boat with a hooked nickel-chromium wire. The test tube (i.e., the hose) was rinsed with deionized water and the contents were poured into a 500-ml container, together with the absorption liquid of the two absorption bottles. The volume contained in the container was determined by adding deionized water. The chloride ion concentration was measured by ion chromatography and Cl content of the sample was then calculated as follows: where is the mass of Cl in the sample (%), V the volume of absorbed liquid after reaching a specific volume (ml), c the molar concentration of chloride ions in the absorption liquid after reaching a specific volume (mol/ml), and M Cl the molar mass of Cl for a sample mass of 35.45 g/mol.
The S elemental analysis was conducted referring to the "Determination method of total sulfur in coal" (GB/T 214-2007), using a 5E-IRS II infrared sulfur analyzer.
Stability test of CaCl 2 under different temperature conditions
In this paper, we tested the stability of CaCl 2 under different temperature conditions in a 10% O 2 atmosphere, commonly used in waste incineration. A schematic diagram of the test device is shown in Fig. 2 .
The procedure consisted in heating the tube furnace to the specified temperature (e.g. 500-900 °C) while creating a flow of 10% O 2 (400 ml/min) and water vapor (10 ml/ min). A porcelain boat containing 1 g of CaCl 2 was placed in the tube furnace; this sample was extracted every 5 min and placed on a dish to dry and cool down. After the sample cooled to room temperature, it was weighed and re-inserted in the tube furnace to continue the heating reaction.
Experimental study on Ca dechlorination in the furnace
Limestone was added in different proportions into the sand-filling port; afterward, HCl was sampled and its
concentration was determined in different parts of the cyclone the tail flue ( Fig. 3) . This test was carried out in a circulating fluidized-bed domestic waste incinerator. A cyclone separator was used to separate the solid particles from the outlet of the circulating fluidized-bed furnace. The separated particles were returned into the furnace and burned again. The tail flue adopted dry humidification to activate the deacidification and bag filter; additionally, the dust collector was dusted. Because the fluidized bed in the furnace could achieve a good lateral mixing, the limestone could be quickly and evenly distributed throughout the furnace after being placed within it. Limestone particles (average diameter = 7 mm, average purity = 81.3%) having different Ca/Cl molar ratios were continuously inserted in the incinerator sand-filling port. The HCl sampling from the flue gas was carried out according to the national standard "Fixed Pollution Sources, Determination of Hydrogen Chloride, Silver Nitrate Capacity Method" (HJ 548-2016), before determining the concentration of chloride ions. An HCl sampling point was set in the horizontal flue, before the deacidification tower, to analyze the effect of lime addition into the deacidification tower on the HCl gas concentration.
Limestone was added to the furnace according to the Ca/ Cl molar ratio. The removal of Cl in the high-temperature furnace was investigated applying the following formula:
where Cl is the dechlorination efficiency (%); moreover, c x and c 0 represent the concentration of HCl gas before the deacidification tower, when the Ca/Cl molar ratio was x and 0, respectively (mg/m 3 ). 
Results and discussion
Determination of Cl and S in waste incineration samples
After performing the high-temperature combustion hydrolysis-ion chromatography test, the moisture content of the incoming garbage was 48.74%, its average Cl content 0.42%, and the average Cl content in the coal 0.04%. According to the ratio of garbage to coal (8:2) in the feed of the fluidized-bed waste incinerator, the Cl content of the mixed fuel was 0.34%. The average sulfur content in the incoming garbage component was 0.05%, the average S content in the coal 0.55%, and the S content of the mixed fuel 0.15%. The Cl content of the waste incineration mixed fuel was higher than the S content, reflecting the mixed collection of domestic garbage. Tao et al. [14] found that the Cl content in the garbage was significantly higher than the S content. The Cl content of the domestic garbage was generally low, but that of food waste was high. If the garbage is collected by no classification, Cl in food causes an increase of Cl content in the garbage. Moreover, the garbage collected by some electrical enterprises contained abundant Cl-containing waste (e.g., PVC). So, it showed different characteristics between garbage and ordinary coal. By calculating, the ratio of Cl/S content in the mixed fuel was converted into a molar ratio (1:2). These results indicate that the HCl generated by combustion replaces the SO 2 produced in conventional coal-fired boilers as a characteristic pollutant.
Stability test of CaCl 2 under different temperature conditions
After the experiment, the reaction data are shown in Fig. 4 .
Under high-temperature water vapor atmosphere, CaCl 2 undergoes the following reaction [15] :
Higher temperatures would lead to a stronger decomposition reaction of CaCl 2 . The percentage of reacting CaCl 2 can be calculated according to the weight loss ratio. Our experimental results showed that CaCl 2 was more stable at 500-600 °C: after 50 min of reaction, less than 10% of the 2 had reacted. When the temperature was > 700 °C, the stability of CaCl 2 decreased sharply; this trend started at 700 °C, when ~ 24% of the CaCl 2 reacted. Finally, when the temperature was > 800 °C (as in the furnace), ~ 80% of the CaCl 2 reacted to form CaO.
The percentage of reacting CaCl 2 gradually increased with time, while the rate of increase gradually slowed down. In fact, most of the reactions (59-65%) took place mainly in the first 20 min and it did not increase significantly in the next 30 min. The shortening residence time of CaCl 2 in the high-temperature zone can also reduce its decomposition and improve the combustion fixation efficiency of limestone to HCl.
When the temperature was > 700 °C (as in the furnace), up to 65% of the CaCl 2 reacted and the weight loss was mainly verified within the first 20 min. Therefore, to avoid the decomposition reaction of CaCl 2 in the high-temperature area, by crushing and grinding the limestone particles before introducing them into the furnace may reduce the residence time of the fixed products in the high-temperature area.
Experimental study on Ca dechlorination in the furnace
After field testing in a circulating fluidized bed waste incinerator, the data are shown in Fig. 5 .
A gradual increase in the Ca/Cl molar ratio, corresponded to a gradual increase in the dechlorination efficiency in the furnace (up to 68.4%), indicating that limestone could be dechlorinated. As the Ca/Cl molar ratio increased, the excess Ca precipitated out of the furnace and continued to react in the low temperature region of the tail. When the Ca/Cl molar ratio was 2:1, the dechlorination efficiency reached 61.1%. And when the Ca/Cl molar ratio was continuously increased, the dechlorination efficiency slowed down, and the dechlorination effect did not improve obviously. When Ca/Cl < 2, the dechlorination efficiency increased 30.5% for every one unit of Ca/Cl increase, and when Ca/Cl > 2, the dechlorination efficiency increased only 3.6% for every one unit of Ca/ Cl increase. This means when Ca/Cl > 2, for every one unit increase in cost, the increase in dechlorination efficiency is only 10% of that when Ca/Cl < 2. So, the appropriate Ca/Cl molar ratio, considering the amount of dechlorination added and the economic aspect, was 2:1.
Liu et al. [2] studied the Cl fixation effect of CaO for different Ca/Cl ratios by ion chromatography. They found that the optimum Ca/Cl ratio was 4:1 for furnace temperatures of 550 °C and 650 °C. When Ca/Cl > 6, the Cl removal rate increased only slightly. Shuiqing et al. [16] carried out this same reaction in a fixed-bed incinerator, finding that the dechlorination effect of limestone could reach 72% at 800 °C and for Ca/Cl = 2. These results indicated that, between 550 and 800 °C, the Ca/C1 molar ratio was comprised between 2 and 4, in agreement with the results obtained of our study. The dechlorination of limestone resulted in a better dechlorination effect, and under actual conditions, the appropriate dechlorination molar ratio is 2:1.
We also measured the content of Cl in the slag, fly ash particles, and flue gas before the deacidification tower, and balanced the total content of Cl. The correspondent data are shown in Fig. 6 . Figure 6 shows that when limestone was not added in the furnace, Ca and other components contained in the garbage and in the coal resulted in a 50% fixation of Cl. By adding Ca in the furnace and increasing the Ca/Cl molar ratio, the distribution of Cl in the flue gas before the deacidification tower decreased from 40.6 to 12.8% (a 27.6% reduction). The content of Cl in slag and fly ash particles increased gradually (from 9.1 to 16.5% in the slag, and from 50.1 to .4% in the fly ash particles). The Cl contained in the flue gas was mainly fixed in the fly ash particles after the decomposition of limestone (23.6% of the total Cl), while the amount of Cl contained in the circulating ash was negligible.
We infer that results may derive from the high temperature of the circulating ash (up to 750-950 °C): the CaCl 2 formed after CaCO 3 calcination should have reacted with the unstable HCl gas at high temperature, and decomposed into CaO and HCl. Although the CaO and HCl fixation reactions were not verified in the high-temperature zone of the flue (whose temperature gradually decreased), the smaller CaO particles in the flue reacted with the HCl gas. Xiangpai et al. [17] found that the dechlorination efficiency of CaO increased with temperature, reaching a maximum of 70.2% at 500 °C. This indicates that CaO could effectively react with HCl in the middle temperature zone of the descending flue. Moreover, because of the high-ashing characteristics of the circulating fluidized-bed incinerator, the concentration of ash particles in the flue was high: CaO and HCl were provided with a sufficient contact area. At the right temperature and in the case of sufficient contact, CaO reacted efficiently with HCl; in these conditions, the HCl gas was gradually fixed in the fly ash particles and finally captured by the bag filter. Compared with the fly ash particles, the slag was characterized by a larger particle size and a higher temperature in the furnace; therefore, its ability in fixing HCl was inferior to that of the fly ash particles.
In summary, after the limestone is put into the circulating-fluidized bed waste incinerator, the HCl is fixed by CaO formed by calcination of limestone. Since the CaCl2 formed after the fixation is unstable at high temperature, Cl is mainly present in the ash collected by the bag filter having a lower temperature, and the Cl content in the slag is less, and the Cl content in the circulating ash is negligible.
Conclusion
When the content of Cl in the garbage was higher than that of S, the optimum Ca/Cl ratio for the dechlorination of limestone in a circulating fluidized-bed waste incinerator was 2:1. When the temperature was > 700 °C (as in the furnace), up to 65% of the CaCl 2 reacted and the weight loss was mainly verified within the first 20 min. Therefore, by crushing and grinding the limestone particles before introducing them into the furnace may reduce the residence time of the fixed products in the high-temperature area. After the Cl was fixed by limestone, it was mainly present in solid form (CaCl 2 ) and in the small-sized ash particles collected in the bag filter ash rather than in slag.
